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L The LRIS Model

Fields SU(S)C X SU(Q)L X SU(2)R X UBfL ZQ
QL - < L) (372717%) +1
_ (ur 1
- (dR> (3,1,2,1) +1
’/L> (1,2,1,-1) 1
er
Lp= < > (1,1,2,-1) +1
€R
Sh (1,1,1,-2) -1
S2 (1,1,1,2) +1
¢! ¢f
= (" 1,2,2,0 +1
o= (4 o (1.:2.2.0)
v = (& (1,1,2,1) +1
XR

Table 1: The LRIS particle Content quantum numbers.
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L The LRIS Model

m The Higgs potential is [7]

V(g xr) = mTe(¢70) + pa[Tr(do!) + Tr(¢T¢)] + A1 (Tr(¢7¢))?
+ X2[(Tr(¢0"))? + (Tr(679))%] + AsTr(do!) Tr(d7 )
+ MTr(d¢") (Tr(doh) + Tr(61)) + us(xkxr) + p1(xkxr)?
+ a1 Tr(0T0) (xhxr) + as(xhoT dxr) + as(x ko dxr)
+ as(xhoTdxr + h.c.). (1)

m The Yukawa Lagrangian

3
Ly =" Lri(¢yl + 005) Lis + Qui(dys + 65) Qr.;

i,7=1
+I_/R,i>2Ryij§’j + He. . (2)
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L The LRIS Model

m Spontaneous symmetry breaking (SSB) occurs via the vevs

@= ) ~oew. w=()~omw. @

UR

and t3 = tan 8 = ki /ka, v = \/k} + k3 = 246 GeV.
m After SSB, the IS neutrino masses Lagrangian is [13, 14, 10, 16]

£7Vn = Mpvrvp + MRD]CDLSQ + /,LSSSSQ + h.c., (4)

where Mp = v(ylss + §¥c5)/v/2 is the neutrino Dirac mass matrix
and MR = ysz/\/i.
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L Heavy Higgs in LRIS at the LHC

m Fig. 1 (right) shows the h' decay branching ratios with my,. For
my < 600 GeV, BR(h' — hh) > 10%, which gives a hope for probing
this heavy Higgs through this channel.

14f -
a 12 Q::.' — 14
s - % . bb
S 1T )
é E . tt
5 _ ) + hh
- ww
‘Q,«\Q - ZZ
300 400 500 600 700 800 900 1000
my,(GeV) mp (GeV)

Figure 1: (Left) The h' ggF production cross section with the three BP points
circled. (Right) h’-decay branching ratios.
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L Heavy Higgs in LRIS at the LHC
L/ & hh — bbyyand b/ — ZZ — 4¢

m Here we adapt the following different values of h/-mass:
my = 250 GeV, 400 GeV and 600 GeV

Figure 2: Feynman diagram for the h' ggF production and decay process
gg — h' — hh — bbyy and g9 - W — ZZ — 44.
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L/ & hh — bbyyand b/ — ZZ — 4¢

m We have I'yy/my < 1 and in the narrow width approximation the
total cross sections are decomposed into

a(pp — b’ — hh — bbyy) = o(pp — h') x BR(h' — hh) x BR(h — bb) x BR(h — v7),
olpp = W = ZZ — 4) = o(pp — h') x BR(W = ZZ) x (BR(Z — 20))?

mp (GeV) | a(pp — h') (pb) | BR(K' — hh) | a(pp — h' — hh — bbyy) (fb)
250 12.140 0.30 6.30
400 5.050 0.20 1.01
600 0.504 0.18 0.05

Table 2: pp — h/ — hh — bby~y production and decays.

mp (GeV) | o(pp — B') (pb) | BR(M' = ZZ) | o(pp = W — ZZ — 40) (fb)

250 12.140 0.050 0.2428

400 5.050 0.025 0.0579

Table 3: pp — h' — ZZ production and its decay.
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L/ & hh — bbyyand b/ — ZZ — 4¢

The relevant backgrounds are

pp — bbhyy/bbja/bbjj/ccyy/cciy/ijvy/gghyy/tt/tty [tthyy/bbzyy/zhyy.

Cuts (Select) Signal (S): m;/, = 250 (400) GeV Background (B) S/VB

Initial (no cut) 1904.00 (308.00) 25058.00 12.000 (1.95)

(M) ST25-0CV 1 522,00 + 19.30 (106.60 £ 8.36) | 387.40 £19.20 | 26.53 £ 0.01 (5.42 £ 0.01)

Table 4: Cut flow for h’ — hh — bby~y at 300 fb~* and /s = 14 TeV for
myy = 250 GeV (400 GeV).

Cuts (Select) Signal (S): my, = 600 GeV | Background (B) S/VB

Initial (no cut) 155.000 250589.00 0.310
My < 200.0 GeV 52.250 £ 5.18 39823.60 & 82.40 | 0.264 = 0.0008
(My) 1100 5y 34.432 £5.91 1826.60 +42.00 | 0.800 = 0.0004
(AR)PET 28.300 £ 4.46 198.63 £7.66 | 2.010 £ 0.0200
(Pr)yy > 200.0 GeV 22.160 £ 4.36 60.75 £ 7.70 | 2.800 % 0.0260

Table 5: Cut flow for A’ — hh — bBwy at L, = 3000 fb~! and Vs =14 TeV
for my, = 600 GeV.
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Figure 3: Left: Number of signal events for b/ — bbyy decays at mass

mp = 250 GeV (blue) and 400 GeV (red) induced by ggF versus the invariant
mass of the final states bby7y, at /5 = 14 TeV and Liy; = 300 fb~* alongside
with the relevant background events (black) after applying the cut flow of Tab. 4.
Right: my = 600 GeV (green) at /s = 14 TeV and Li,; = 3000 fb~! alongside
the background (black) after (right) applying the cut flow set of Tab. 5.
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L/ & hh — bbyyand b/ — ZZ — 4¢

Cuts (Select)

Signal (S): my s = 250 GeV (400 GeV)

Background (B)

S/VB

Initial (no cut)

728.00 (174.00)

79890.00

2.58000 (0.43000)

Hr > 150.0 GeV

58.65 + 7.34 (38.20 + 2.01)

247.70 + 15.70

2.02457 £ 0.00790 (1.26340 + 0

Table 6: Cut flow charts for the h' — ZZ — 44 signal versus its relevant
background and the corresponding number of events and significance at

3000 fb~* and /s = 14 TeV for my,, = 250 GeV, 400 GeV.

(Lin= 3000.0 b7',\/s=14TeV)

T hpgo — 47

T hypo — 4C

—pp— 4r

No. of 47 events
©
o

100 200 300 400 500 600 700

80 900 1000
My (GeV)

Figure 4: Number of signal events for pp — h/ — ZZ — 4¢ decays at mass
mp = 250 GeV (red) and 400 GeV (blue) at /s = 14 TeV and Ly = 3000 fb~"
with the background (black) applying the cut flow of Tab. 6.
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L Heavy Higgs in LRIS at the LHC
L/ & hh — bbyyand b/ — ZZ — 4¢
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Figure 5: Left: Historical significance of h/ — bbyy versus Liy: at mass
mp = 250,400, 600 GeV (blue/red/green). Right: Historical significance of
pp — b — Z7Z — 40 signal at mp, = 250, 400 GeV (blue/red).
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L Heavy Higgs in LRIS at the LHC
LHi Contribution to a,,

m Recent experimental possible 4.20 a,, deviation from the SM [11, 1]

da, = aZ® — a2 = (2.51 +0.59) x 1077 (5)

Figure 6: LRIS 1-loop ay via v, HE, VE =W, W', V0 = Z,7',8° = h, A.
m The relevant H*-leptons couplings are

V2
Ere
ve

— Mp)u, k=4,...,9, (6)

\/ﬁ 3
e > Uki(Mp — s05Mp),,, k=123, (7)
i=1

16 /36 Mustafa Ashry Heavy Higgs Bosons in BSM



Heavy Higgs Bosons in BSM
L Heavy Higgs in LRIS at the LHC
LHi Contribution to a,,

m The charged Higgs H* contribution to a, is given by

=)

+ + Vi * Vi
af " = GETET 37 (ICel? Falalpe) + 2RelC e il Fa@lhn)), (8)
k=1

where the couplings ('xp = 52— Cre and &'y = ;7-Eke-
Yk

m The loop functions Fj, (k = 1,2) in Eq. (8) are given by

yPr(y)  6y" T log(y)

Fily) = (y — DR (y—1)k+2 0 k=12, (9)
Pi(y) =3y + 3, (10)
Po(y) = 2> + 5y — 1. (11)
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L Heavy Higgs in LRIS at the LHC
|—Hi Contribution to a,

m The charged Higgs boson contribution to the a, anomaly Eq. (8) can
be approximated to

9
+ + * 1%

af " ~2GE TH E Re[¢ o€ ke F1(22) S
k=4

~

Figure 7: (Left/right) da, . with

4
(m,myz )
Vs 2 2
te =m._/my.. The 1o and 20 standard
errors of measurements of @, are included in green and red borders. BP is
encircled.
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L Heavy Higgs in LRIS at the LHC
LH:t Contribution to a,,

39 Ifﬁ VR Zgi Zigi Zgi mpg+
0.0058 0.1 10000 —0.099 —0.994 0.024 545

Table 7: BP and H* mixing and mass for

y* = diag(1.53 x 10~2,9.76 x 10~1,2.05 x 10~) and

p® = diag(1.01 x 1075,3.82 x 1079,5.49 x 10~%). Finally, the nonvanishing
elements of the orthogonal matrix R are R13 = Ro1 = R32 = 1.

My, Mygy Myg Myy Muyg Muyg My, muyg Muyg

1.0x 101 85x10712 50x10-11 108 695 1449 108 695 1449

Table 8: BP neutrino mass spectrum in GeVs.

day, —dae BR(u — ev)
25x1079 81x1071" 34x10°13

Table 9: BP Observalbles g,y — 2, BR( — e7) of the BP given in Tab. 8.
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‘—Hi Contribution to a,

=

20/36

Matrix R y" i y" " y? T Upnins
1,1 0 153x107% 101 x107°|-283x10"" 3.13x107* 6.33x 107" —3.44 x 107%| 0.8251
1.2 0 0 0 —6.86 x 107%  6.86 % 1077 —1.49x 10™* 148 x 107*| 0.5449
1,8 a 0 0 —9.42x 107" 942x 107" —3.53x10™* 353 x 107*| 0.1490
5t i 0 0 —275x 10" 275 % 10~* 1.38 x 10~* —1.38 x 10| —0.4554
2,2 0 976x10723.82x107|-3.39x 1072 346x 107 227 x107° 5.26x 107 0.4795
83 0 0 0 520x107% =520 x 1071 —4.19 x 10™% 419 x 1072| 0.7513
34 0 0 0 3.93x107% =393 % 107* —6.08 x 10°*  6.08 x 107*| 0.3343
LR | 0 0 —2.96 x 1077 296x 107" 4.16 x 10~* —4.16 x 10~*(—-0.6836
3,3 0 2.05x107" 549 x 107°| 1.03 x 1072 —6.54 x 10~ —7.66 x 1077  9.99 x 107 | 0.6427

Table 10: Yukawa and IS matrices BP.

—0.8243  0.4535 —0.3389 0 0 0 0 0.0000 —0.0001

0.5465  0.4812 —0.6853 0 0 0 0.0009  0.0002 0

—0.1468 —0.7453 —0.6403 0 0 ] 0 —0.1137 0

Usea Usne T ~0.0004 —0.0003  0.0004 | —0.7071 0 0 0.7071 0 0

(Uﬁxn Ur.yn) = | —0.0120 —0.0604 —0.0517 0 -0.7071 0 0 0.7025 0
0.0001  0.0000  0.0003 0 0 0.7071L 0 0 —0.7071

-0.0004 —0.0003  0.0004| 0.7071 0 0 0.7071 0 0

0.0120  0.0604 0.0517 0 -0.7071 0 0 —0.7025 0
—0,0001  0.0000  0.0000 0 0 0.7071 0 0 0.7071
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L Heavy Higgs in LRIS at the LHC
LHi Contribution to a,,

m Experimentally, BR(z — ey) < 4.2 x 10713 (90%CL) [6]. LRIS H*

Yaem ™M 1 C eg §;eC, 2
BR(1t — eY)Lris S 2564 F# Z ( keShop kmk”) . (14)

m Also, experiments make the upper bounds
Rl <1078, Ry <1076, ROV <7 x 107" to the
p-e conversion rates on a nucleus (A) [12].

m The H* contribution to the y-e conversion is [2, 8]

32G2m5 "
P F+HC€”RVA + OV 4o CD LDA‘ +{L & R}]. (15)
capt
TA ~ O(1—10) x 105 571, and VP, V™ Dy ~ 0(1072 — 1071

for A Al, Ti, Au [12].
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L Heavy Higgs in LRIS at the LHC
|—Hi Contribution to a,,

BR(1 — €7) R, R, RA,
210 x 10713 4.10x 107°1 380 x 107" 4.10 x 10~ %

Table 11: LFV observables BP given in Table 8 in LRIS.

BR(u-e y)

Figure 8: BR(1t — e7) versus da,, in LRIS. BP is encircled

m All BPs are tested and found to satisfy the u-e conversion

experimental limits as in Table 11.
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L Heavy Higgs in BLSSM Model

m Superpotential

24/36

W =Y7a5Q; - Hy — Y dsQ; - Hy — YIESL; - Hy+ YINEL; - Hy

+ 5Y]§,]fo1N; + puHy - Hg — 11 X2

Superfield  Spin-0 Spin—% Generations Gsy @ U(1)p—_p,
¢ a0 3 (32 L))
d° d° de 3 (3,1, %,—%)
i aw 3 (B1-1-D)
L L L 3 (1,2,—3,-1)
E* é e 3 (1,1, 1, 1)
N¢ Ne Ne 3 (1,1, 0, 1)
H, H, Hy 1 (1,2,-3, 0)
H, H, H, 1 (1,2, i, 0)
X1 X1 X1 1 (1,1, 0,-2)
X2 X2 X2 1 (1,1, 0, 2)
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L Heavy Higgs in BLSSM Model

m The Z — Z' mixing angle is

25 2 2
tan 20’ = IVIL + 9% <1073, (16)

where g is the gauge mixing between U(1)y and U(1)p_r, and
v’ = \/v? + v3 is the B — L vev.

m The Higgs potential is
V(H, x) = |ul(1Hy? + [Hg?) + 11 P(xa P + [x2l?)

92 02 02 gBL 2 22
+ = (Ho)? = [HP)? + 22 ([ = [x2l?)

8

99BL
- (|H|? - !H3!2)(\X1I2 — |x2l?)
—milxal® —milxal® — Byxixe.
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0.8 ]
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|® i
0.6 4 78
[ 1 7t
0.4] ] =
i ] zt
0.2 j._\j z4
0.0/® ]

Figure 9: The Higgs mixing Z& (i = 1,...,4) versus the gauge kinetic mixing
coupling g.
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-
g Z
n A
,,,,, .
g Z
-
g
g

b
Figure 10: Feynman diagrams for i’ production via ggF and decays via (from left
to right) WYW~= = 20+ Fp, W — ZZ — 40 and b/ — hh — bbyy.
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8
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Figure 11: ggF A/ production cross section at /s = 14 TeV (left) and h’ decay
BRs (right) versus the kinetic mixing coupling g.
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Figure 12: S and B dlstrlbutlons at mp = 400 GeV, Lin = 300 bt
Below-right: Historical significance.
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L Heavy Higgs in BLSSM Model
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Figure 13: H - WW — 25 + MET (up) and H — hh — ~~bb (down): S and
B distributions, significance, correlation matrix and the ROC curves for different
learning ML algorithms at mp = 400 GeV, L;, = 300/3000 fo! [15].
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L Conclusion

m Possible signatures for heavy nonsusy Higgs bosons.

m Possible signatures for heavy susy Higgs bosons.
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